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Abstract 

; of life. Its ability to 

repair a twad xsbgc of DNA lesions sets NER apart from other repair mechanisms. NER systems recognize the damaged 
DNA strand and cleave it T. then 5' to the lesion. After the oligonucleotide containing the lesion is removed, repair 
synmesis ^lfi?^'r^iii^ v |tab^UviB is the central component of bacterial NEK. it is directly involved in disttngajshuig 
damaged from undamaged DNA and guides the DNA from recognition to repair synthesis. Recently solved structures ot 
UvrB from different organisms represent the first higli-resolution view into bacterial NER. The structures provide detailed 
f| ; insight into the domain architecture of UvrB and through comparison, suggest possible domain movements. The stnjcture of 
UvrB consists of five domains. Domains la and 3 bind ATP at die inter-domain interface and share high structural similarity 
to lielicascs of superfamilies I and II. Not related to he ti case structures, domains 2 and 4 are involved in interactions with 
cither UvrA or UvrC, whereas domain lb was implicated for DNA binding. The structures indicate that ATP binding and 
hydrolysis is associated with domain motions. UvrBs ATPasc activity, however, is not coupled to the separation of long 
DNA duplexes a* in helicases, but rather leads lo (he formation of the prcincisiou complex, with the damaged DNA substrate, 
if The location of conserved residues and structural comparisons with t>cJica$c-DNA structures suggest how UvrB might bind 
I to DNA. A model of the UvrB-DNA interaction in which a 0-liairpin of UvrB inserts between the DNA double strand has 
j§ been proposed recently. This padlock model is developed further to suggest two dibtinct consequences of domain motion: in 
? the UvrA,B-DNA complex, domain motions lead to translocation along ihe DNA, wliereas in the tight UvrB-DNA 
precision complex, tlicy lead lo distortion of tlie 3' incision site. © 2000 Rlsevier Science B.V. All rights reserved. 
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Among: the various DNA repair mechanics 
available to (he cell, nucleotide excision repair (NER) 
stands put because of its broad substrate specificity 
(Table i) NER removes damaged DNA through 
excision of an oligonucleotide that contains the le- 
sion. Although the proteins involved are different, 
cukaryolic and prokaryotic cells share this basic 
mechanism. NER in bacteria, one of the first repair 
mechaiusms discovered [1.21, is mediated by the 
•gpnc- product* of the uurA, uvrB; and uvrC genes 
[3^5]. The proteins Uvr A, UvrB and UvrC recognize 
arid cleave the damaged DNA in a multi-step, ATP- 
dependent reaction (Fig. la). Tn vitro studies with 
purified proteins showed that the reconstituted 
UvrABC proteins cleave both sides of the damaged 
strand several nucleotides away from the lesion [6J. 
Potential problems in processing these modifications, 
e.g. inhibition of the cndonuclcasc activities by ccr- 

Tenlc 1 

Range of subst rates of the bacterial NER UvrABC system 
^P 0 



tain lesions are elegantly circumvented by cleaving 
at a distance from die lesion [6]. Thus, the NER 
mechanism is ideally suited to process a wide variety 
of modifications once they have been recognized. 

The recognition of damaged DNA is a multi-step 
process in itself (Fig. la). At physiological concen- 
trations, UvrA is bound to UvrB in the ternary 
UvrAjB complex; this presumably is the complex 
that iuitially binds to DNA [7j. UvrA is able to bind 
preferentially to damaged DNA even in the absence 
of UvrB, but high specificity of damage recognition 
requires die interplay of UvrA and UvrB. The foot- 
print of UvrA bound to site-specifically damaged 
DNA changes from 33 to 19 bp when UvrB is added 
[8J. This equivocal footprint was found to be due to 
dissociation of UvrA from the nucleoprotein com- 
plex leading to formation of a stable UvrB DNA 
prc-incision complex [7,9J. 

After UvrC binds to the prc-incision complex, it 
first cuts on the 3' side and then on the 5' side of the 
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Properties 



Sincle base modification 



Crms-Unks. inira-araud 
Cross-links, imcr-strand 
Natural bases* 
NorKovalcnt modifications 



Thymine glycol 
Dihydrolbymine 
Benzol t/ipyrene adduct 
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cross linked triple strand 
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A'*-methyl adenine 
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Base removed (AP site) 
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Pyrin wiine dimer 
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Nitrogen mustard adduct 
Psoralen hisadduct 
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A'tracts 
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+ 14 
+ 185 
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+ 227 
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+ 227 
+69 
+ 185 
0 
0 
0 
I 194 
+ 500 



7" M lowered 
7" M elevated 

Positive kink 
Negative kink 



unwound 
bent 

inrcrcalauir 
bismiereaJator 



A median of DNA 1e«om (for an «te.«i« fe. nod references, sec Rcfc. |«7.7tJ> .Muwates the bcV of a sm t l< con*™ property *M 
«L* of U*rABC .« ONA damage, Tte revive M of i™ for a particular les.cn (negleC.n? * 
£uZlmc«)£ the UvrABC S >^m b Mk-ttd by +. 4 +. **• + + + ; 0 indices no tac,^ n*c«« mh.brOoa 4*.. 
change in molecular weight due to die modification/ 
'See Table 3. 

*Some mismatches arc recognized with very low efficiency (< I *0. 

'Futile cycle of spurious repair and subsequent formation of tlw complex al another *tc. 
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lesion. Sequence comparisons and site-directed mu- 
tagenesis showed that both the 3' and the 5 incision 
are catalyzed by UvrC which contains two separate 
catalytic sites that can be inactivated independently 
of each other [10,1 1]. Soon after the incision activity 
g* of the UvrABC system was discovered, it became 
clear that UvrD and DNA polymerase T are required 
for turnover of the Uvr proteins [12,131 Subsequeut 
studies indicated that the heiicase UvrD removes 
both UvrC and the oligonucleotide containing the 
lesion, while UvrB remains bound to the gapped 
DNA until the gap is filled by DNA polymerase 1 
[14]. Finally, DNA ligase closes the nicked DNA. 
Thus, there is a division of labor between the 
UvrABC proteins, with UvrA and UvrB recognizing 
and UvrC Irydrolyzing the damaged DNA. As the 
central component of the repair cascade, UvrB inter- 
acts with UvrA, UvrC and DNA. In addition to its 
role in recognition of damage, UvrB guides the DNA 
from recognition to repair synthesis, ensuring that no 
gapped DNA intermediates are released before the 
repair pathway is completed. 

Preferential repair of the coding strand of tran- 
scribed genes led to the discovery of a second recog- 
nition pathway, which is. initiated by RNA poly- 
merase stalled at a lesion (Fig. la). The Mfd protein 
binds to this site, removes RNA polymerase from the 
lesion and presumably recruits UvrA and UvrB [15]. 
Although only a few intermediates of transcription- 
coupled repair have been isolated so far, it is be- 
lieved that this pathway leads to formation of a 
UvrAnB-DNA complex, converging with dte global 
repair pathway described above. 

One of the fundamental questions concerning NER 
is how a single repair system recognizes and pro- 
cesses modifications of different sizes and with dif- 
ferent chemical properties whose only common 
property seems to be thai they an; modifiaitions of 
the standard nucleotides found in undamaged DNA 
(Table l). It has been proposed that the multi-step 
mechanism results in higher specificity of damage 
recognition [16,17]. If early steps of recognition 
identify features similar to a lesion, but later steps do 
not confirm that a proper substrate is present, 
UvrA 2 B dissociates from the DNA. In this view, the 
UvrB -DNA pre-incision complex is a key interme- 
I diate because once it is formed, dual incision will 
|. lake place. The faithful discrimination between dam- 
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aged and undamaged DNA is crucial to avoid spuri- 
ous repair, which interferes with vital DNA-depen- 
dent processes and may introduce mutations through 
error-prone repair synthesis. 

Functional domains of the UvrABC proteins, 
which arc highly conserved among bacteria, have 
been proposed based on sequence motifs and muta- 
genesis studies [18]. The .sequence of UvrB is related 
to helicases of superfamiiies I and n, as shown by 
six heiicase sequence motifs that are distributed over 
the first 544 residues of the 673 residue protein 
(residue numbers refer to the Escherichia coii pro- 
tein). UvrB does not possess heiicase activity, bur 
the UvrA 2 B complex displays hebcase-like activity 
[19]. UvrB mutations that eause a defect in this 
activity are also defective in NBR [20]. The C-termi- 
ual residues of UvrB, which share homology vvith^ 
UvrC, interact with both UvrC and UvrA. Residues 
1 15-250 of UvrB share homology to the Mfd pro- 
tein: presumably, both UvrB and Mfd interact with 
UvrA through these homologous residues. 

Great advances in understanding the molecular 
'details of UvrABC-mediated DNA repair have been 
made. However, wliilc structural information for 
other repair systems such as photolyase has been 
available (reviews in this special issue), no structures 
of NER components had been solved until recently. 
Now. four structures of the bacterial NER compo- 
nent UvrB have been independendy determined: (l) 
two structures of UvrB from Thermits thermophihts 
[21,221 (2) UvrB from Bacillus caidotautx [23]; and 
(3) a C-terminal fragment of UvrB from E. coli [24|. 
This review will focus on these three-dimensional 
structures. In addition, it will discuss recent bio- 
chemical data not included in previous reviews 
[17,18,25-27] and revisit data on UvrB mutants in 
light of the structural data now available. 



2. Structure of UvrB 

In this review, reference will be made to crystal 
structures of UvrB from T. rhcrmophilus [21,22] 
(PDB codes 1C40 and 1D2M, respectively), solved 
at a resolution of 1 .9 A (recendy improved to 1.5 A, 
M.M., unpublished), and of UvrB from B. uildote- 
nax, solved with and without bound ATP at a resolu- 
tion of 3.0 and 2.6 A [23] (PDB codes 1D9Z and 
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ID9X, respectively). UvrB proteins from E. coll 7*. 
thermopMus and B. caldatenax will be designated 
as ccUvrB. ttUvrB and ocUvrB, respectively. Residue 
numbers refer to bcllvrB if not slated otherwise. 



The UvrB molecule consists of five domains, 
which are referred to as la, lb, 2, 3 and 4. The 
structure of bcUvrB in complex with ATP is shown 
in Fig. lb to illustrate the overall architecture of the 
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procein. Domain 4, disordered in both the bcUvrB 
and the ttUvrB crystal structures, is missing in the 
models. The structure of a UvrB fragment containing 
this C-terminal domain has been studied by both 
X-ray crystallography [24] (PDB code IQOJ) and 
NMR spectroscopy [28] (see Section 4). Domain 2 is 
partially disordered to various degrees. In contrast, 
domains la, lb, and 3 are well defined in both the 
bcUvrB and the ttUvrB crystal structures. 

The helicase motifs are distributed among do- 
mains la and 3. Connected to each other by a single 
short linker, these domains both adopt an a/P/a 
sandwich-fold. The ATP binding site is located at the 
interface between domains la and 3. The sequence 
similarity of UvrB (residues 114-251) with the Mfd 
protein spans parts of domain la and alt of domain 2. 
The latter consists of anti-parallel p-strands and two 
ex-helices. Domain lb consists of two mainly a-heli- 
cal polypeptide stretches that both connect to domain 
la. The la/ lb nomenclature was chosen because 
domain lb is neither completely independent, nor an 
integral part of domain la. A flexible fi- hairpin 
(residues 90 to 1 15) extrudes from domain la; its tip 
forms hydrophobic and ionic contacts with residues 
in domain lb, thereby bridging a cleft between 
domains la and lb. Domain boundaries for the 
structures of UUvrB were chosen slightly differently 
(Table 2). 

The two independently solved structures of ItUvrB 
are almost identical within experimental error, with 
an rms deviation of 0.24 A for 5 11 superimposed Co 
coordinates. This is to be expected since the same 
enzyme was crystallized similarly, based on condi- 
tions initially described by Shibata ct al. [29]. Crys- 



tallized under different conditions (using PEG in- 
stead of Li 2 S0 4 as a precipitant [23]), bcUvrB is 
present in a distinct crystal packing. Furthermore, the 
amino acid sequences of bcUvrB and ttUvrB differ. 
Nevertheless, the structures are guile similar (Fig. 
lc). The rms differences are 0.8 A for 1 75 superim- 
posed Ca positions in domain 3, and 1.3 A for 325 
superimposed Ca positions in the remainder of the 
molecule. Most biochemical studies have been per- 
formed with ecUvrB and not with ttUvrB or bcUvrB. 
Because the degree of sequence conservation among 
the three enzymes is high ( ~ 60% pairwise sequence 
identity), we expect the structure of ecUvrB to be 
very similar to the structures of bcUvrB and UUvrB. 
Moreover, bcUvrB complements ecUvrA and ecU 
vrC in an in vitro incision reaction (MS, and B.V.H^ 
unpublished). Consequently, the biochemical results^ 
that have been obtained for ecUvrB may confidently 
be interpreted in the context of the bcUvrB and 
ttUvrB structures. While the fold and conformation 
of the domains of UUvrB and bcUvrB are highly 
similar, there are significant differences in domain 
orientation (discussed in Sections 3 and 6). 

The classification of UvrB as a member of the 
helicase superfamily U, which is based on six 
stretches of conserved amino acid residues [30], sug- 
gests possible similarities in the three-dimensional 
structures of these enzymes. Indeed, a comparison of 
the UvrB structure with all known structures using 
the program DALI [31] shows that a member of the 
helicase superfamily II, the RNA-helicasc NS3 from 
hepatitis C virus [32], is the closest structural neigh- 
bor of UvrB. The structural similarity to helicases of 
both superfamily I and H extends beyond the'heli- 



I: 



Fig. 1. (a) Recognition and repair of damaged DNA by UvrABC. (top) In the global repair pathway. UvrA and UvrB form a hetero-truner 
that directly recognizes damaged DNA. la the transcription coupled repair pathway, the Mfd protein recruits UvrA to damaged DNA bound 
to a stalled RNA polymerase. Both pathways lead to the formation of the UvrB -DNA prc-incisjon complex after dissociation of UvrA. 
(bottom) UvrC binds to the pre-incision complex and cleaves the DNA on both the 3* and 5' side of the damage. UvrD removes the incised 
oligonucleotide and UvrC while UvrB remains bound to the gapped DNA until polymerase 1 fills the gap. (b) The structure of bcUvrB in 
complex with Mg 2 '—ATP. Domains la, lb. 2 and 3 are shown in yd low, green, blue and red. respectively. The B-hsuxpin bridging the gap 
between domains la and lb is shown in cyan. The ATP molecule bound at the interface between domains 1 and 3 is indicated. Fig ores of 
the structures were made with Motscrspt [65] and Raster 3D [66] if not stated otherwise, (c) Domain orientation in bcUvrB and ttUvrB 
(1D2M). View from the bottom relative to the view in (b). Domains la of each molecule have been superimposed, indicating different 
orientations of domain 3 relative to domain la in the two models. As a consequence, the ATP binding site is more accessible in bcUvrB 
than m ttUvrB. Both molecules are shown as Ca traces, wtdi ttUvrB in gray and bcUvrB color coded as in (b). Superposition of domains 3 
of bcUvrB and uUvrB would require a rotation about an axis passing near I'ro 414, which is indicated by a red spliere. 
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give the alternative domain names chosen for the ttUvriJ structures 121,22]. 



case motifs to encompass most of domains La and 3. 
Fig. 2 illustrates that the structures of UvrB and 
those of the hclicases PcrA, Rep and NS3 [32-34] 
share a core structure of helicase motif-containing 
loops and parallel {3- strands whose connectivity is 
preserved. Superposition of die PcrA and NS3 struc- 
tures revealed that the respective helicase motifs IV 
of superfamily 1 and II do not align. Therefore, motif 
IV of sur^rfamify II was renamed to Wa to distin- 



guish the two [32,35]. Although UvtB belongs to 
superfamily II and contains motif IVa, it additionally 
share* motif IV with the superfamily I helicase PcrA. 
This motif connects the two helkase-domains; its 
absence in NS3 results in a connection between the 
domains different from that observed in UvrB and 
PcrA. Furthermore, UvrB contains an N-terminal 
a-helix, involved in ATP binding, that is present in 
PcrA and lacking in NS3. On the other hand, the 



Uvr8 la: 







NS3 1: 




2: 




Re 2 Common secondary structure elements fn domains 1a and 3 of UvtB and in helicase domains [32-341 ^-strands are s*K>wn as 
uiongles (tips pointing in the same direction indicate parallel sheets), a-helices as circles, loops as lines. Helicase molUs are labeled by 
roman numbers and indicated by thick tines. The common core of each domaiu is shaded. Numbers in parentheses indicate connections to 
other domains- 
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similarity in sequence at the domain interface (in- 
cluding motifs II, Ut and V) and in the cirientation 
of the two domains is highest between NS3 and 
UvrB, in accordance with their common classifica- 
tion into hclicasc superfamily IT. A feature unique to 
UvrB is the C-terminal a-belix of domain 3 (Fig. 2) 
and the following loop that tethers the disordered 
domain 4 near the domain interface in the three-di- 
mensional structure. 

Similar to helicases, ecUvrB in complex with 
UvrA displays an ATPase activity that is stimulated 
by DNA-binding [36,37]. In helicases, however , ATP 
hydrolysis is coupled to strand separation, while in 
the UvrA 2 B-DNA complex, it is coupled to damage 
recognition and formation of the pre-incisiun com- 
plex. In addition, UvrA 2 B shows a limited helicase- 
activity both on undamaged and damaged DNA 
[19,38]. It is not clear if this hclicase activity is 
limited because (1) UvrA>B has no translocation 
activity at all, (2) UvrA 2 B has low proccssivity, or 
(3) the strands separated by UvrA 2 B re-anneal after 
UvrA,B has passed. Moreover, it is not clear which 
role, if any, the helicase-like activity of UvrA 2 B 
plays in the NCR mechanism. Roles in translocating 
to the damaged DNA or in recognizing the damage 
have been suggested, but the available data is still 
inconclusive. 

Apart from the structural similarities to heiicase 
and related ATP-hydiolyzing enzymes, UvrB has no 
other known structural neighbors. In particular, there 
is no structural similarity to the repair protein AlkA 
(see 'Structural studies of human alkyladenine glyco- 
sylase and E. coii 3-methyladenine grycosylase" by 
T. EUcnberger in this special issue), in spite of a 
limited sequence identity between the two proteins 
that was noted in the past [18]. 

3, ATP binding and hydrolysis coupled to domain 
motion 

UvrB\s ATP binding site is located between do- 
mains la and 3. The structural similarity of these 
domains to hclicase domains suggests similarity in 
the function of ATP binding and hydrolysis. Struc- 
tures of helicases in the presence and absence of 
cefaclor and/or DNA show distinct orientations of 
the two domains that bind ATP, indicating that 
translocation is coupled to ATP hydrolysis by these 



domain motions. The role of the heucase motifs in 
this process has been studied in detail [39j Motifs 1 
and D correspond to the Walker A and B motifs 
found in many ATPases [40]. Glycine residues of 
motif I bind the phosphate moiety of ATP. An 
aspartate and glutamate (m motif II) bind to Mg* + 
and activate the water molecule that initiates hydrol- 
ysis. In the ATP-free form, the conserved lysine of 
motif I replaces the Mg 2+ . while in the ATP-com- 
plex, this residue interacts with the -y-phasphate. In 
the second domain, two arginines (both in motif VI 
in superfamily D, and one each in motif IV and VT in 
superfamily I) are located near the scissile P— O 
bond during catalysis. These residues are believed to 
polarize the scissile bond and to stabilize the devel- 
oping negative charge at the p-phosphate during 
ATP hydrolysis. The other motifs are not directly - 
involved in ATP hydrolysis, but rather have a role in 
DNA-binding and coupling ATP hydrolysis to strand 
separation [39]. 

The ATPase activity of UvrB differs from that of 
helicases. The £ coli enzyme is almost inactive 
unless truncated at its C-tenninus or in complex with 
UvrA. In these cases, the ATPase is readily de- 
tectable and is stimulated by DNA [36,37]. In con- 
trast to ecUvrB, ttUvrB by itself displays ATPase 
activity. Not further activated by truncation of the 
C-terminal domain, it is less stimulated by ssDNA 
in comparison to ecUvrB [22,41]. Stimulation of 
ecUvrB's ATPase by ssDNA is due mainly to 
changes in k„ x rather than * M [37,42]. The rather 
low affinity of UvrB for ATP {K M = 1-2 tnM) is 
increased in complex with damaged dsDNA (K Q < 
10 p,M) [91 Contrary to UvrA, which hydrolyzes 
both OTP and ATP, UvrB is specific for ATP [37]. 

ATP hydrolysis in the UvrA 2 B-DNA complex is 
coupled to damage recognition and formation of the 
pre-incision complex. ATPase-deficicnt mutants of 
UvrB (Table 3) are deficient in repair and associated 
supercoiling activity as well as in the limited strand 
separating activity [36,43-45]. Investigating the role 
of UvrB's ATPase activity in the UvrA 2 B-DNA 
complex is complicated by UvrA's ATPase activity. 
While the role of UvrB's ATPase activity prior to 
dissociation of UvrA is still uncertain, its role after 
formation of the UvrB-DNA complex is known in 
detail When bound ATP is removed from the 
UvrB-DNA pre-incision complex, no incision takes 
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Mutants of £1 col/ UvrB 
column 'DNA complexes 
UvrA 2 B-DNA complex a 



Roman numerals in column 'Domain* refer to hdieasc motifs, n.r.: not reported, TT: mymine dimer. B in ihe 
refers to formation, of (be pre-incisxm complex a* demonstraTed by footprinting experiments, AB to tlte 
I BC to the UvrOC-DNA complex 
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nx. 
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lb 


nx. 
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F366W, 


lb. 
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nx. 


F497W 


3CV) 


normal 


nx. 


H88W 


2 


normal 
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nx. — . 

UX. 

nx. 
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160) 

(45] 

[45] 

(601 

152) 

151] 

(511 

[501 

(50) 

150] 

[50] 

[50] 



place, but UvrC is still able to bind [9J. Addition of 
ATP or ATP-vS restores both 3' and 5' incision 
activities. Presumably, ATP binding changes the 
conformation of both UvrB and DNA in a way 
required for 3' incision [46]. Addition of ADP in- 
stead of ATP does not promote 3' incision. For the 5' 
incision, however, it is sufficient to add ADP, as was 
demonstrated with 3' panicked DNA substrates 
(46,47]. In a study analyzing the effects of DNA 
flanking the lesion, Moolenaar et al. [48] have dis- 
covered DNA substrates mat specifically bind to 
UvrB in the absence of UvrA (Table 4). No cefaclor 
is required for the formation of these complexes or 
subsequent binding of UvrC. However, UvrC does 
not catalyze 3' incision unless ATP is added. Addi- 
tion of ATP^S is not sufficient, indicating thai ATP 
hydrolysis by UvrB occurs in absence of UvrA in 
this special case. Taken together, these data suggest 
that ATP hydrolysis by UvrB followed by binding of 
a new molecule of ATP is necessary to present the 
damaged DNA to UvrC for 3' incision [46]. 

3. J. Structure of the ATP binding site ' 

The structure of ATP-bound UvrB has been ob- 
tained by soaking bcUvrB crystals in. Mg i+ ATP 



[23] (PDB code 1D9Z). Similar experiments with the 
ttUvrB crystals, which contain a sulfate molccale 
from the crystallization buffer in the ATP binding 
site, have not yielded cofactor-bound llUvrB [21]. 
The ATP concentration used was higher than that 
necessary for binding of fluorescent ATP or ADP 
analogues in solution. Presumably, the domain orien- 
tation present in the crystals prevented binding of 
AIT [21]. 

The ATP-molecule is bound to bcUvrB mainly at 
the adenine and phosphate moieties (Fig. 3a). The 
adenine-binding pocket is fcrrrned by the side chains 
of Tyr 11. Gin 14, Gin 17 of domain la and Pro4l4 
of domain 3. Hydrogen bonds by Gin 17 and the 
main chain carbonyl of Glul2 to N6 and N7 of the 
adenine explain the specificity for ATP. Gin 17 is 
conserved throughout the UvrB sequences, and cor- 
responds to Glnl6 in the helicase PcrA, which has a 
similar ATP-binding pockcL In contrast, the hepatitis 
C helicase NS3 lacks the structural elements for this 
binding pocket (Fig. 2), which is in agreement with 
its non-specific binding to all N TPs. 

Motif I (residues 32 to 48) contains the typical 
P-ioop that is observed in many other NTP binding 
proteins [40l The triphosphate moiety is bound by 
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Fig. 3. The ATP binding site (a) ATP bound to bcUvrB. Residues in the vicinity of the ATP arc shown in all-bonds repcese«taiKwi. The 
ATP molecule is shown as ball-and-sdek model and the Mg 2+ ion is indicated by a sphere: H-bouds are shown as dotted lines. 0>) 
Superposition uf the ATP binding sites of bcUvrB and ttUvrB 0C4O). The ATP molecule of bcUvcB is drawn in black and the sulfate 
molecule of liUviB is shown in Hojit gray for the sulfur and dark gray for the nxyjjen atoms. The backbone and residues of bcUvrB are 
shown in light gray, those of ttUvrB in dark gray. Residue numbers refer to bcUvrB. 



hydrogen bonds donated by main chain amides of 
residues 41 to 45. In addition, the positive charge of 
the side chain of Lys 45 is in close vicinity to the 
7-pbosphate. The Mg 2 *-ion is bound to oxygen 
atoms of the triphosphate. The ion is close to the 
carboxylate side chains of Asp 338 and Glu 339, but 
does not interact directly with these residues of 
helicase motif li. 

In the ttUvrB structure, a sulfate ion hound by 
residues of motif I is located roughly at the position 
of the p-phosphate in the bcUvrB structure (Fig. 3b). 
While the overall architecture of the ATP binding 
site is similar in bcUvrB and ttUvrB, there are 



differences in the adeninc-binding pocket due to 
differences in primary sequence. ttUvrB has a dele- 
tion at bcTyr 11, and bcGln 14 is replaced by ttLys 
11. While the position corresponding to Gin 14 is 
highly variable in different UvrB sequences, Tyr 11 
is type-conserved (mostly either Phe or Tyr) in all 
sequences except that of ttUvrB. The deletion in 
ttUrB could be responsible for the higher basal 
ATPase activity in the absence of UvrA and DNA 
(see below). 

A superposition of domains la of ttUvrB and 
bcUvrB shows that the two relative orientations of 
domains la and 3 in bcUvrB and ttUvrB are signifi- 
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Fig. 4. Domains interacting wtth UvrA and UvrC (a) Ribbon representation of domain 2 in bcUvrB Ocfl) and uUvrD (1D2M. ngho. (b) The 
structure of the C-tenirinal domain of ccUvifi shown as a dimer as observed in the crystalline state. The inrcrmofccular sail bridge between 
E653 and R659 and the hydrogen bond between R659 and the main chain oxygen of L650 are indicated by dotted Hoc*. 



candy different (Fig. lc). The transition between the 
two orientations amounts to a rotation by 13° about 
an axis passing through lie 412, which is located in 
the loop connecting the two domains. The extended 
conformation of this loop suggests that it can act as a 
hinge between the two domains. Because the individ- 
ual domains superimpose well and the domain inter- 
face is identical in sequence, the difference in do- 
main orientation is most likely due not to inherent 
differences between ttUvrB and bcUvrB, but rather 
to differences in the packing forces of the crystals. 
This suggests that the domain orientation is variable 
in solution and responds to binding of ATP or DNA, 
as demonstrated for PcrA [34]. As a consequence of 
the distinct arrangements. tlPro409 is closer to do- 
main la than the «>TTesrxmding bcPro414 such that 
the adenine-binding pocket is narrower in the uUvtB 
crystals than in the bcUvrB crystals (Figs, lc and 
3b). Movement of this proline and the differences in 
sequence between ttUvrB and ccllvrB on the oppo- 
site side of the binding pocket (Tyr 11) might play a 



role both in the different basal ATPase activities of 
UUvrB and ecUVrB and in the distinct effects of 
removal of the C-tcnninal domain. The loop that 
connects domain 3 to the disordered domain 4 is 
located close to Pro 414 and the ATP binding inter- 
face. Removal of domain 4 might change the confor- 
mation of this loop and increase the flexibility of the 
neighboring Pro 414 with respect to domain 3, thus 
uncoupling ATP hydrolysis and domain movement 
in ecUvrB. In ttUvrB, the absence of Tyr 11 from 
the binding pocket might render the adenine less 
sensitive to changes on the opposite side of the 
pocket caused by movement of the proline residue. 

3.2. Coupling of ATPase activity to domain motions 

The importance of residues from helicase motif V 
and VI for ATP hydrolysis has been shown by 
random mutagenesis of ecUvrB [45]. Although capa- 
ble of binding DNA in the UvrA 2 B complex, UvrB 
is unable to hydrolyze ATP when Arg 540 or Arg 
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543 are mutated. The role of the arginines in motif 
VI has also been studied in detail for die helicase 
PcrA, the structure of which has been determined in 
complex with DNA and ATP-yS [34]. In this sub- 
strate complex, the distance between the side chain 
N«n2 of Arg 287 and the ^-phosphate is 3.6 A. In the 
bcUvrB stracture^ the corresponding distance to Arg 
543 N*n2 is 5.8 A. This longer distance might be a 
reason why ATP is not hydrolyzed by UvrB in the 
absence of DNA. In the case of PcrA, the protein- 
ATP complex and the protein-DNA-ATP complex 
differ in domain orientation, ATP conformation and 
loop conformation, all of which modulate the relative 
orientation of ATP and active site residues [34,49]. 
Similar effects mi^rt position Arg 543 (or Arg 540) 
of UvrB such that it stabilizes the developing nega- 
tive charge at the P phosphale during ATP hydroly- 
sis. The overall similarity of ATP-interacting do- 
mains of UvrB, NS3 and PcrA strongly suggests 
that similar to helicases, ATP hydrolysis in UvrB is 
coupled to domain motion. 



I 4. Protein-protein interaction: domains 2 and 4 

UvrB interacts with UvrA and UvrC in solution 
and in complex with DNA. The interactions are 
probably exclusive, as no complex containing all 
three proteins has ever been detected. Sequence com- 
parisons have suggested that residues of domain 2 
and 4 have a role in these protein-protein interac- 
tions [1 8]. Fusion proteins of maltose binding protein 
with either residues ecll6 to ec251 or ec548 to 
ec674 directly show that domain 2 interacts with 
UvrA and domain 4 interacts with both UvrA and 
UvrC [50]. Mutations id or deletion of domain 4 (see 
Table 3) result in failure of the DNA-UvrB pre-inci- 
sion complex to bind to UvrC [51-53]. However, 
earlier stages of damage recognition that require 
interactions between UvrA and UvrB are not af- 
fected [51,52^4]. Mutations or deletions in domain 2 
that disrupt the interaction between UvrA and UvrB 
have not been characterized so far. There are no 
obvious candidates for such mutations because the 
sequence conservation in this domain is low (only 
four residues, Pro 151, Phe 193, Gly 197 and Arg 
213 are strictly conserved). 

The fold of domain 2, a P-sheet of four anti-parai- 
lei strands that interacts with two anti-parallel 0- 



strands and an a-helix, is shown in Fig. 4a. The 
globular domain is connected to domains la and lb 
hy its N-terrninus and C-terminus, respectively. No 
strong or extensive interactions with either of these 
domains are observed. The fold is reminiscent of that 
of ferredoxin or ubiquitin, but the structural similari- 
ties are too low to be detected by automatic methods. 
During structure determination of bcUvrB it was 
noted that the orientation of domain 2 changes rela- 
tive to the remainder of the molecule when dcriva- 
tized with gold or mercury compounds [23]. Like- 
wise, a comparison of the bcUvrB and the ttUvrB 
structures shows a variable orientation. The quality 
of the electron density of domain 2 is low in all three 
structure determinations and decreases with distance 
from the connections to the ordered parts of the 
molecules. As a consequence, some of the loops 
connecting secondary structure elements could not 
be modeled. Parts of the domain were built as poly- 
alanine because the sequence assignment of these 
residues is uncertain. Furthermore, the crystallo- 
graphic atomic displacement parameters of the 
residues in domain 2 arc high. Because the location 
of the few strictly conserved residues is uncertain, 
the structures do not readily indicate possible UvrA- 
interaction sites on domain 2. 

The C-terrninal domain 4 is completely disordered 
in all three UvrB crystal structures. The primary 
sequence of the C-tenninus shows about 60 residues 
of moderate conservation at the very C-terminai part, 
separated from domain 3 by a linker of highly 
variable sequence and length (24-72 residues). No 
structural information on the linker region or the 
location of the C-terminus of UvrB relative to the 
. other domains is available. However, the conforma- 
tion of the C-terminal 55 residues of ecUvrB has 
been studied by X-ray crystallography [24] and NMR 
spectroscopy [28] as a hisudine-tagged fusion pro- 
tein. The ordered region of the fragment (residues 
ec628 to ec673) adopts a helix-loop-helix conforma- 
tion that is stabilized by inter-helix hydrophobic 
interactions. In the crystalline state, two neighboring 
molecules interact in a head to head fashion, with 
hydrophobic and ionic interactions involving side 
chains from the loop (Fig. 4b). It has been suggested 
that the interaction between UvrC and UvrB is simi- 
lar to that observed between neighboring molecules 
in the crystal structure of the UvrB fragment [241 
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This interpretation is supported by mutagenesis stud- 
ies and the high conservation of most residues pre- 
sent at the interface formed by the head to head 
arrangement 

UvrA can interact with both domain 2 and domain 
4 of UvrB. In the UvrA 2 B-DNA complex, UvrA 
presumably binds simultaneously to these domains, 
possibly constraining their relative orientation. How- 
ever, UvrA-binding is not expected to constrain the 
domain motion between domain la and 3, because 
their respective connections to domains 2 and 4 arc 
flexible. The interaction between UvrA and domain 
4 is dispensable for the formation of the pre-inciston 
complex. Maybe the role of this interaction is to 
ensure the correct sequence of events by preventing 
UvrC from binding to the nucleoproteio complex 
before UvrA has dissociated. 



5. DNA substrates and intermediates 

UvrB does not bind to dsDNA by itself. Further- 
more, its affinity for ssDNA, with or without lesions, 
is very low [50]. Apparently, UvrB lacks strong 
binding sites for either dsDNA or ssDNA. However, 
after UvrA-mediated formation of the pre-incision 
complex, the (non-covalent) UvrB-DNA interaction 
is quite strong, even at high ionic strength [7] or after 
excision of the lesion [i4i How does UvrB bind to 
DNA? Moreover, why does formation of the UvrB- 
DNA complex require UvrA? The nucleoprotein 
complexes formed by UvrA, UvrB and/or UvrC 
with several nicked, truncated and mismatch-contain- 
ing DNA constructs have been studied to address 
these questions (Table 4). 

The affinity of UvrA for damaged DNA is 
~ 10 3 -fold higher than that for undamaged DNA 
[55], The discrimination factor achieved by UvrA 
and UvrB together is much higher. Furthermore, 
UvrA binds preferentially not only to DNA struc- 
tures that are substrates for NER, but also to mis- 
match-containing and thus partially unpaired DNA 
that is not repaired by NER [56]. These results 
support the view that a lesion has to pass different 
checkpoints in several stages of recognition! and that 
the nucleoprotein complex will dissociate if any one 
of these tests fails. Early stages of recognition may 



be by-passed with artificial substrates that resemble 
the DNA-conformation present at a later stage of 
recognition. For example, recent studies show that 
unmodified mismalch-conUining DNA that is pre- 
nicked at the 3' side of the lesion ("flap** substrate) 
is cleaved by UvrBC, even in the absence of UvrA 
[471 Furthermore, damaged DNA containing 10 or 
more consecutive mismatches is incised at the 5' 
side, but not at the 3' side of the lesion 157]. The 
observation that the 5'-incision is uncoupled from the 
3' incision with these special substrates suggests thai 
the presence of single stranded DNA at the 3* side 
triggers 5' incision. This notion is supported by 
earlier observations of additional incisions 5' to the 
5'-incision site at high UvrB concentrations [53], and 
damage-independent hydrolysis 5* of single 
strand/double strand junctions [58]. 

The effects of unpaired DNA on DvrA-dependent 
and UvrA-independent endonuclease activity of 
UvrBC have been studied systematically [57]. If the 
modified base is part of a bubble of 3-6 mismatched 
bases, UvrA-independent damage-specific 3' and 5' 
incision by the UvrBC nuclease occurs. An increase 
of the si^e of the bubble to eight misinatchcs causes 
the level of UvrA-independent incision to drop 
sharply, whereas further increase in the number of 
mismatches leads to uncoupled 5' incision. These 
and earlier studies [16, 47] indicate that the DNA in 
the preincision complex is not extensively unwound. 

In a complementary approach, Moolenaar et al. 
studied the role of DNA flauking the lesion [48]. The 
flanking DNA was modified either by introducing 
nicks at the 3' or 5' incision sites of UvrABC on the 
damaged or the opposite strand, or by truncating one 
or both strands at these positions (Table 4). Truncat- 
ing both strands at the 3' incision site docs not 
mhibit formation of UvrB-DNA or UvrB-UvrC- 
DNA complexes in the presence of UvrA. Trunca- 
tion at the 5' incision site, however, prevents loading 
of UvrB and UvrC on DNA, The authors conclude 
that UvrA approaches the damage in an asymmetric 
manner from the 5' side (referring to the damaged 
strand). Surprisingly, UvrB alone binds in a 
damage-dependent manner to substrates truncated on 
the 5' side of the damage leading to a stable pre-inci- 
sion complex. If only the undamaged strand is trun- 
cated opposite to the 5' incision site, 3' and 5' 
incisions are observed at the expected sites. This is 
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Table 4 

Intermediates and products formed by UvABC and various DNA constructs 



p. 

t 



I 



DNA construct 



dsDNA with lesion 



3-6 bp 
8 bp 
>8bp 
truncations 

opposite strand at 3* site 
both strands at 3' site 
damaged strand at 3* site 
both strands at 5' site 
damaged strand at 5 J site 
opposite strand at 5' she 
nicks 

3'-pte-mcLe<i 
S'-fwe-ntckcd 
opposite 3* incision site 
opposite 5* incision site 
dsDNA. no lesion 
5* overhanging end 
3* overhanging end 
10 bp mismatched 
mismatched, pre -nicked 
ssDNA with lesion 
ssPNA. no lesion 




Intermediates and products formed 


References 


in presence of UvrA 


without UrrA 




A AB B BC 3* 5* 


- 


{18,25-27, 71J 


AABBBC3W 


y 5' 


06.571 


A AB B BC 3' 5' 




[57] 


A AB B BC 5' 


5' 


[47.571 


A AB B BC 




m 


A AB B BC 




m 


A AB B BC 5' 




[481 


A AB 


B (BC) 


m 


A AB 


(B) 


T48] 


A AB (B BC 3* 5 1 )' 


B BC r (5') 


148! 


A AB B BC 5' 




147,48,51.52] 


A AB 




[48] 


A AB B BC 




[48] 


A AB B BC 3* 5' 




(48] 


(A) 




(8,55j 


(A) 


BC 5' 


[58], 153) 


(A) 




[S3] 


A AB 




[56] 


(A) 


BC 5* 


[47] 




(B) 


1501 




«B» 


[50] 



A. AB. B. BC refers to the formation of different specific nudeoprotcin complexes containing UvrA/UvxB/UvrC as demonstrated in gel 
shift or footprinting experiments. 3' and 5' refers to incision products detected after the reaction. 'UvrA probably does not participate in the 
formation of these complexes, which also form in the absence of UvrA (sec following column). 



I- 



the firs! demonstration that UvrB by itself can bind 
specifically to damaged DNA. Apparently, UvrB 
contains a damage-sensing DNA binding site. The 
data also show that dsDNA flanking the 5' incision 
site somehow presents a barrier for the formation of 
the UvrB-DNA pre-incision complex. This barrier 
can either be overcome by the ATP-dependent action 
of UvrA, or is removed in the truncated DNA sub- 
strates. 

The effect of a nick in the strand opposite of the 
y incision site [48] provides insight into the role of 
ATP binding by UvrB. According to gel shift assays 
performed in the presence of UvrA and ATP, the 
nicked substrate forms a UvrB-UvrC-complex whose 
stability is comparable to substrates without nicks. If 



ATP is omitted, the presence of the nick stabilizes 
the UvrB-UvcC complex. However, 3' incision of 
the nicked substrate is very low. This can be ex- 
plained in terms of two consecutive conformational 
changes triggered by ATP hydrolysis and subsequent 
ATP binding, which lead to a pro-prc-incision com- 
plex and to the pre-incision complex, respectively. If 
the DNA at the 3' incision site is required to go 
through different strained conformaiions in this pro- 
cess, introduction of a nick might stabilize the 
UvrB-UvrC complex and inhibit 3? incision by re- 
leasing this strain [48]. 

The properties of DNA substrates containing mis- 
matches, nicks or truncated strands suggest that UvrB 
binds in part to single stranded and in part to double 
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stranded DNA in the pre-incision complex. The 
three-dimensional structure of UvrB provides clues 
as to where such single and double stranded DNA 
binding sites might be located. 

<>. DNA binding sites on UvrB 

The shape of the UvrB molecule provides first 
insights into the location of possible DNA-binding 
sites. While the side of UvrB containing the ATP-bi- 
nding site contains clefts and pockets, the reverse 
side is almost featureless. Indeed, almost all notable 
features concerning charge distribution, sequence 
conservation, distribution of structural elements and 
location of mutations with altered functionality are 
on the side of the molecule facing the viewer in 
Fig. lb. 

61. Superposition of UvrB with helicase / DM- 
complexes 

Provided that UvrB has a similar strand transloca- 
tion mechanism as helicases of supcrfarnilies I and 
fj, a superposition of the helicase/DNA-complexes 
with UvrB might reveal the path of the translocated 
strand on the surface of UvrB. It could also point to 
structural features in UvrB that are important for the 
interaction with bases or with the backbone of DNA. 
There are three UvrB-related helicases whose struc- 
tures have been determined in complex with DNA: 
NS3, PcrA and Rep [32-34] (fig. 5). In all three 
structures, the domain corresponding to domain 3 in 
UvrB binds the 5' end, and the ATP-binding domain 
binds the 3' end. The DNA is bound deeply inside 
the respective molecules. Aromatic or aliphatic bide 
chains located in both domains bind to DNA through 
stacking interactions or by intercalation. In the case 
of the Rep and PcrA helicases, additional domains 
above the single strand prevent re-annealing of the 
separated DNA duplex. Homology-modeling of the 
UvrB-DNA interaction in the pre-incision complex 
based on the helicase-DNA complexes places the 
p-hairpin of UvrB such that it obstructs the path of 
the DNA. There is, however, a passageway under the 
p-hairpin that could accommodate a single strand of 
DNA. This feature, which is not observed in the 
helicase structures, has been suggested to play an 



important part in the NER mechanism [21,23] as 
discussed below. 

6.2. Surface charges ami conserved residues 

Protein surfaces interacting with the negatively 
charged backbone of DNA are expected to have a 
complementary positive charge distribution. Electro- 
static calculations show that the largest charged sur- 
face patches are in domain la (negative) and domain 
3 (positive) near the ATP binding site. It has been 
proposed that binding and hydrolysis of ATP modu- 
lates the electrostatic interactions to cause domain 
motion [23]. As discussed above, the structures of 
UvrB strongly suggest that in order for ATP hydrol- 
ysis to occur the two domains have to move closer to 
each other, making the interface largely unavailable 
for DNA binding. In addition to these large charged 
surface patches, there are smaller patches of positive 
charge at the top of domain 3 (referring to the 
orientation shown in Fig. lb) and at the bottom of 
the cleft between domains la and lb. 

Conserved residues of UvrB are clustered in two 
regions (Fig. 5). The first cluster surrounds the ATP 
binding site, with conserved residues in both do- 
mains la and 3. This cluster is located in the part of 
the molecule that shares structural similarity with 
helicases. The second cluster is located in the (S- 
hairpin and the surrounding region. Remarkably, 
many of the surface-exposed residues in the P-hair- 
pin are highly conserved (Fig. 6). In addition to these 
two clusters, there are smaller patches of conserved 
surface residues in domain la (residues 66-68, 84- 
95) and domain 3 (residues 453-459, 474-478). 

63. Tfie p-hairpin 

The high sequence conservation of the flexible 
p-hairpin and surrounding regions is not due to 
obvious structural constraints and thus points to a 
functional importance. The p-hairpin as observed in 
the bcUvrB structure is shown in Fig. 7a. The tip of 
the P-hairpin interacts with domain lb through hy- 
drophobic interactions (Tyr 101, Tyr 108 with Leu 
361, Phe 366). Two salt bridges, between Giu 99 and 
Arg 367 and between Lys 111 and Glu 307, are 
observed in bcUvrB. The bridging residues Tyr 92- 
Glu 99 and Asp 112-Asn 116 are solvent exposed. 
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Pic 5 (Top) Conserved indues of UvrB. View of hellvrB as in H S . lb. Strictly onruwvnl residues are shown as big spheres wilh «hc side 
chtin i , rffbo* Type conserve ^ arc indeed by -« spl^n* J-| 

(hntfom) Superfamily I and O helioses in complex wi,h ON A. NS3, PtrA and Rep are shown as C« iraces. wjlh the ATP. xrffa e and UNA 
5 intLdanng residues as b.aci en* models. Regions in the hcHcasc domains of NS3. ItoA and Rep that supenmpose wdl 

with dcnLn la and 3 of UvrB are colored yellow and red, respectively. Hie ATP-biruliag domn (ccmespcHHhng to domain la of UvrH) H 
oricmcd as in the UvrB raokculc at tbc top. 
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H£ . 6 Sequence conservation in the ^hairpin. 'lhc alignment of 21 UvrB proteins from diffcrcm species was generated with ^ programs 
cLaiW and ALSCRIPT [67 681 Seo>ddai> structure elements axe indicated. At each position, residues other don the roost fieqpmily 
observed amino acid arc highlighted. Main-chain B-factors of the ttUvrtt structure ftttg vary from 28 to 42 A- ami nre shown * a 
histogram. AbDTC\Hations for the different tirgantsms are its in the SWISS-PROT database [69J. 



A comparison of the p-hairpin in bcUvrB with 
lhat of ttUvrB shows that the local structure of the 
p-hairpin tip interacting with residues of domain Ih 
is preserved. However, the distance between the base 
and the tip of the p-riairpin is different in the two 
molecules. Specifically, there are differences in the 
conformation of the bridging stretches of the (3- 
hairpin and of several loops of domain lb {Fig. 7h). 
This suggests lhat the size of ihe passageway be- 
tween the p-hairpin and domains la and lb is vari- 
able to a certain degree. Inspection of the atomic 
displacement parameters of UvrB shows high values 



for the bridging residues indicative of increased flex- 
ibility in this region (Fig. 6. bottom). 

P-Hairpins with highly conserved hydrophohic 
residues have been observed both in PcrA lieiicase 
and T7 RNA polymerase, in which they have a 
common structural role in opening up the double 
strand (Fig. 8). In the case of T7 RNA polymerase, 
this takes place at the opening side of the transcrip- 
tion bubble, in both cases, the loops reach in be- 
rween the two separated strands and stack with the 
bases located at the ssDNA/dsDNA junction. In 
contrast to these loops, the p-hairpin of UvrB con- 



Flt 7 The fl-hairpin and in proposed role in binding to DNA. (a) Co-trace of (he Is-hairpin of bcUvrB (cyan) and nctghhonng n^dues of 
dnLn lb ( R «en) and la (yellow). View from the left relative to the view in Pig. lb Selected t**m » shown .0 aU-bon* 
representation Sah bridges are- indicated by gray dotted lines. <b> Structural differences ,n the 0-haupm ,n bcUvrB and n^ dOT 
Superposition as in 1c. Bo,h structures arc shown as C«-traces domains 2 and 3 are omitted J^^^J^ 
slru aurul difference, were observed are shown in magenta. Spheres indicate positions uf insemons/delctions b^wcen bcUvrB and ItUvT^ 
or prolines present in only one of the two proteins. (c> HypotlKlkaJ model of .he UvrB DNA pre- complex. Surface 

of SvrB w£a domain orientation derived from the superposition with the NS3-DNA complex. Doma.ns Ih and 3 arc mjtaed. The 
proposed conformation of DNA is shown as phosphate backbone in red with the «ndisrupted base > p» shown as spokes. ReSKiues Tyr 146 
and Phc 527 are shown in blue and die ^-hairpin is depicted in cyan, (c) was nude with GRASP L70J. 
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tains conserved aromatic residues that might .stack 
with bases not on the tip, but closer to the base of the 
P-hairnin. Thus, the phairpin in UvrB may play a 



role similar to that of p-hairpins in PcrA helica.se 
and T7 RNA polymerase^ but different in the struc- 
tural details. 
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T7Pol 



R g . 8. Intercalating loops in PcrA belica* aod 17 RN A polymerase. The loops arc shown ,s Cc-tracr.. Residues thai suck with DNA bases 
air labeled and shown in all-bonds representation. 



6.4. ONA binding mutants 

The effect of various UvrB mutations on UV- 
survival, on ATPase activity and DNA-binding has 
been studied 120,45,50-53,59,60]. The location of 
these mutations in UvrB is shown in Fig. 9; Table 3 
lists those mutants that differ from wild type in their 
properties. One class or mutants is defective in 
ATPase and helicase activity, bur still binds to UNA. 
However, because these mutants are deficient in 
forming the pre-incision complex they do not pro- 
mote UV-resistance. A second class of mutants 
(ccD5HA, ecG509S) shows reduced ATPase activ- 
ity as well as reduced DNA binding [45,60]. How- 
ever, it is not clear if the reduction in the ATPase 
activity is the cause or the consequence of the re- 
duced DNA binding activity. Mutations in the C- 
terminal part of UvrB interfere with binding of UvrC 
to the pre-incision complex [51,52]. Furthermore, 
C-terminal deletions of ecUvrB result, in UvrA-inde- 
pendent ATPase activity [37]. The DNA-binding 
properties themselves, however, are apparently not 
changed. Thus, no clearrcut DNA binding mutants 
have been demonstrated. 



Studies with damaged ssDNA have shown that 
mutations ecF366W and ecF497W introduce irypto- 
phan residues at locations where they photocnemi- 
calty split thymine dirners on the ssDNA [501 Tn 
addition, these mutants and the mutation ecF188W 
show quenching of tryptophan fluorescence upon 
binding of ssDNA. The mutants ecb99A, ecE266A 
and ecH339A interfere with binding of the single 
stranded DNA and are deficient in 5', but not 3' 
incision [50]. Neither ATPase activity nor formation 
of complexes with damaged dsDNA have been re- 
ported for the latter three mutants. Therefore it is not 
known whether they are DNA-binding mutants or 
defective in another way. 



7. Model for the pre-incision complex and impli- 
cations for NER 

Different DNA binding modes have been pro- 
posed based on the structure of UvrB. Machius et al. 
[21] note that cleavage of damaged DNA consis- 
tently occurs three to five phosphodiester bonds 3' 
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Rr 9 Locatkra of characterized mutations of ecUvrB (Table 3) mapped on the structure of bcUvrfi. Residue numbers refer to bcUvrB and 
arc'identical to those of ecUvrB except for residues B478 <ecD479), Y496 (ecFW), G508 <cc509X D510 (cc51 1), KS13 (ec514), R540 
(cc54l) and K543 (cc544). Black spheres indicate imitations with altered phenutype, light gray spheres those whhouL 



and eight phosphodiester bonds 5' lo the lesion and 
conclude that the lesion is trapped at a well defined 
location in UvrB and then presented to UvrC. Based 
on the similarities with helicases, the authors propose 
that initially, UvrB interacts with damaged DNA 
such that the lesion is located above the rip of the 
p-hairpin. The observation that the residues ecGlu99 
and ecPhe366 are critical for interaction between 
UvrB and damaged ssDNA [50] suggests that subse- 
quently, the p-hairpin moves outwards, thus captur- 
ing the lesion between the p~bairpin and the two 
helical arms of domain lb. The capturing mechanism 
is only possible if the basal region of the p-hairpin 
exhibits increased plasticity so that it can move away 
from domain lb. 



Nakagawa et at 122] suggest a model also based 
on structural comparisons to helicase-DISA com- 
plexes and furthermore on the distribution of charged 
and conserved residues on the surface of UvrB. 
According to their suggestion, double stranded DNA 
that binds to the surface of UvrB near the p-hairpin 
is unwound near the interface between domain la 
and 3. One of the single strands interacts with do- 
main 3, while the other contacts conserved residues 
of helicase motif la The model leaves open whether 
the lesion is located in the single or double stranded 
portion of the DNA, and whether it interacts with 
UvrB or points outwards. 

Based on a superposition of bcUvrB with the NS3 
helicase-DNA complex and on the location of con- 
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served residues and charges on ihc surface of UvrB, 
Thcis ct al. [23] conclude that the p-hairpin is a 
binding site for ssDNA. The proposed structural 
model of the UvrB -DNA interaction explains why 
the pre-incision complex does not form sponta- 
neously, but once formed is highly stable. The model 
is presented below and developed further in light of 
new biochemical data. 

7.L The padlock model 

The hypothetical structural model of the bcUvrB 
DNA pre-incision complex [23] is shown in Fig. 7c. 
For construction of the model, domain 3 and the 
remainder of the UvrB model were superimposed 
separately with the corresponding domains in the 
structure of NS3 in complex with single stranded 
DNA. In this superposition, domain 3 is rotated 
towards domain la, thus narrowing the ATP binding 
site. Partially unpaired mymine-dimer-containing 
DNA as observed in complex with endonuclease V 
(PDB code 1VAS, [61j) was fitted into the model 
such that one strand had the same orientation as that 
bound to NS3. The double stranded DNA was fur- 
ther unwound to accommodate the ^-hairpin of UvrB. 
Except for the domain movement, the UvrB structure 
in the model is identical to that observed experimen- 
tally. 

The model shows that at least 5 bp of DNA have 
to be disrupted to insert the p-hairpin between the 
strands. There is sufficient space for flanking dsDNA 
on both sides of the P-hairpin. On one side, the 
double strand contacts domain 3 near helicase motif 
IVa; this region is positively charged, as expected for 
a dsDNA binding site. In close proximity to the 
suggested path of the DNA, the solvent-exposed 
aromatic residues Tyr 146 and Phe 527 might act as 
intercalators (Fig. 7c). The passageway between do- 
main lb and the (^hairpin is large enough to fit a 
single DNA strand without the need to disrupt the 
interactions observed in the crystal structure between 
the tip of the (J-hairpin and domain lb. The central 
feature of the model is that the DNA single strand is 
locked under the 0-hairpin as long as these interac- 
tions are present and as long as the locked single 
stranded portion of DNA is flanked by double 
stranded DNA on both sides. ssDNA is incapable of 
forming such a stable complex with UvrB because it 



does not contain flanking dsDNA on both sides and 
thus slips through the passageway. 

How is the pre-incision complex formed, and how 
docs UvrB interact with DNA after incision? The 
conclusions drawn from the structural model of the 
pre-incision arc as follows. lasertion of the p-hairpin 
between the two strands of duplex DNA requires a 
conformational change in UvrB. According to the 
padlock model [23 J, binding of UvrA (which acts as 
a key in the padlock analogy) is the trigger for lifting 
the |3-hairpin away from domain lb. In this open 
conformation, the helicase activity of UvrB causes 
UvrA 2 B to translocate along the undamaged strand. 
If no lesion is encountered for some time, the 
UvrA 2 B complex dissociates from DNA. When a 
lesion is encountered, UvrB resumes its original 
conformation upon dissociation of UvrA, thus cap- 
turing the undamaged strand and inhibiting further 
translocation by binding to it tightly. After incision, 
UvrB remains bound to the single stranded portion 
of the gapped duplex until polymerase I displaces it 
from the undamaged strand, which acts as template 
during repair synthesis. 

7.2. A comprehensive model for UvrB's role in NER 

The recent findings that UvrB binds to truncated 
substrates in the absence of UvrA [46,48] support the 
padlock model of DNA-binding. If the DNA on one 
side of the lesion is of limited length and single 
stranded, this strand can thread through the passage- 
way under the p-hairpin without the need to disrupt 
intramolecular interactions of UvrB. Knowing which 
flanking parts of the damaged DNA are required in 
different intermediates allows us to expand the pad- 
lock model with respect to the location of the 3' and 
5' incision sites relative to UvrB. Our conclusions 
are summarized in Fig. 10. We assume that UvrA 2 B 
approaches from the S side of the lesion because a 
deletion of the flanking DNA on this side prevents 
complex formation [48]. If UvrA 2 B translocates 
along the undamaged strand, as suggested by the 
padlock model, the direction of translocation on this 
strand is 3' to 5'. Should UvrA 2 B bind to a spurious 
DNA substrate, ATP-driven translocation would pro- 
mote dissociation of UvrA 2 B. In complex with DNA 
containing mono-adducts, UvrA 2 B translocates until 
UvrA dissociates when the 0-hairpin reaches the 
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Uvr A 2 B binds ONA 
near putative lesion 



no lesion encountered 
UvrA z B dissociates 

UvrB reaches lesion 




In presence of Uvr A: 
domain motions coupled 
to translocation 



In absence of UvrA: 
domain motions coupled 
to distortion of DNA 



Fig. 10- Structural interpretation for the rote of ATP binding and hydrolvsis before and after formation of the prc-incision complex. Circles 
labeled "3" *ymboibc domain 3 and padlocks labeled T symbolize domains la/b and the P-hairpin. The padlocks are shown either 
closed or open, symbolizing cither the conformation of the p-hairpin observed in the crystal structure or a hypothetical one in which the 
£ -hairpin is moved away from domain lb. 



i 



lesion. In complex with DNA with inter-strand 
cross-links, however, translocation of UvrA 2 B stops 
prematurely because the cross-link prevents strand 
separation at the lesion. Thus, the incision sites will 
be shifted to the 5' side, which is indeed observed 
with some types of crosslinks [62], 

Once Uvr A has dissociated, the undamaged strand 
is locked. ATP-depcndent domain motions will no 
longer be coupled to translocation, but rather will 
deform the locked strand in the region bound be- 
tween domain 3 and the P-harrpin. It has been 
suggested that a strained ONA confonnation is the 
trigger for 3' .incision [48]. Thus, we rjropose that the 
3* incision site is located between domain 3 and the 
P-hairpin as shown in the sketch in Ftg. 10. The 
recent observation that UvrB binds to substrates 
truncated on the 5" side to the lesion in the absence 
of UvrA [48] is in agreement with this suggestion. 
The 3' side of the lesion is more important for 
binding than the 5' side because it interacts with 
UvrB more extensively in the orientation shown in 
fig. 10. 



The comprehensive model of the interactions of 
UvrB with DNA presented here is a framework for 
future experiments that test its basic assumptions and 
the detailed predictions that can be drawn from it. 
Some important assumptions of the model have been 
made without direct evidence. For instance, it was 
concluded from the stability of the post-excision 
UvrB-DNA complex [14] that UvrB binds tightly to 
the non-damaged rather than the damaged strand but 
this has not been demonstrated directly. This model 
also contradicts conclusions from earlier studies. For 
example, the model depicts translocation on the un- 
damaged strand from the 5' side of the lesion, result- 
ing in 3' to 5' translocation. However, UvrB has 
been classified as a 5' to 3'-acling helicase based on 
UvrB's preferential separation of dsDNA with 5' 
overhanging ksDNA as opposed to 3' overhanging 
ssDNA [63]. This preference was rationalized by 5' 
to 3' translocation of UvrA 2 B along the single strand 
presented to it at the ssDNA/dsDNA junction. How- 
ever, initial binding of UvrA 2 B docs not require 
such a junction and may occur anywhere on the 
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dsDNA. Therefore, conclusions about the helicase- 
like activity of UvrA.B reached with reference to 
(he helicase substrates should be taken with caution. 



8. Conclusions and outlook 

The recent structure dclcrminauons of UvrB are a 
substantial step toward understanding the molecular 
mechanisms of UvrABC action. The close structural 
similarity to helicases stromjly suggests that ATP 
binding and hydrolysis by UvrB are coupled to 
motions between the two hclicasc-rclated domains. 
The clear separation of UvrB into two helicase do- 
mains, two additional domains known to interact 
with UvrA and UvrC. and one domain proposed to 
interact with DNA allow interpretaxion of available 
data and design of new experiments. In particular, 
the structures have revealed a nigWy conserved patch 
on the surface of UvrB that includes a flexible 
p-hairpin representing a unique adaptation of the 
known core helicase architecture. 

Disparate roles for the ATPasc activity of UvrB 
have been suggested in the past. Based on similari- 
ties in sequence and function to helicases, one view 
is that the ATPase activity causes translocation and 
transient strand separation, which allow efficient lo- 
cation of lesions by tracking along the DNA 
[26,43,641 However, UvrB's ATPase activity is not 
required for formation of specific complexes be- 
tween UvrA 2 B and damaged DNA in in vitro exper- 
iments [45]. A second view, which is based on the 
requirement for UvrB's ATPase activity after forma- 
tion of the specific complexes, suggests that this 
ATPase activity is important only in later stages of 
damage recognition [1 8,38l In this view, strand sep- 
aration and changes in supercoiling of DNA by 
UvrA 2 B are not attributed to a translocation mecha- 
nism, but rather to complex formation and local 
ATPase-dependent DNA unwinding by UvrB. 

The structures presented in this review do not 
resolve the argument above, but rather suggest plau- 
sible mechanisms for both views. Specific experi- 
ments based on the structures and as of yet hypo- 
thetical models, combined with new structural data 
on UvrA and UvrC, are necessary to understand 
exactly how UvrABC locates lesions efficiently and 
distinguishes them from undamaged DNA. 
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